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reproductive exercise physiology; spawning migration; sexual maturation; salmonid microarray; vitellogenesis MANY FISH SPECIES MIGRATE long distances to the spawning grounds. Extreme examples are the temperate eel species (2,000 -6,000 km; Refs. 1, 65) and salmonid species (up to 3,000 km; Ref. 68) . At the start of their migration, a metabolic switch is required for the transition from building up reserves to their mobilization, not only to fuel migration but also to fuel gonadal maturation and for deposition of lipids and yolk in the gametes. Furthermore, a hormonal switch is required to sexually mature. The question of how the metabolic status determines the onset of sexual reproduction is still largely unsolved but is pivotal in understanding the reproductive physiology of fish.
The interplay between metabolism and sexual maturation is a complex physiological process involving the coordinated action of different organs and different levels of regulation with the objective of producing high-quality gametes in a timely fashion. Because these processes are inevitably interlinked in a migrating fish, swimming during spawning migration should not be viewed as an obstacle for reproduction but as an integral part of normal reproductive development for long-distance migrants (51, 45) .
Fishes and mammals are difficult to compare in terms of the regulation of the onset of reproduction because seasonal variations in energy levels determine the onset of puberty, the start of migration, and the actual reproduction much more in fishes than in mammals. In developing rats, prolonged exercise lead to a significant delay of the onset of female puberty (52, 37, 38) but a rapid catch-up of reproductive development occurred after exercise (37) . Potential metabolic signalers that act as gonadotropin releasing hormone (GnRH) pulse generators and enable the mammalian brain to regulate the interplay between energy homeostasis and reproduction are kisspeptin (reviewed by Ref. 55) , leptin (reviewed by Refs. 36, 29) , cortisol (reviewed by Ref. 62) , and insulin-like growth factors (reviewed by Ref. 8) . Scattered evidence exists for similar roles of these signalers in fishes. Although exercise is a competitor for energy that potentially stimulates muscle signaling to the brain, exercise is not regularly used as inducer to study metabolic and hormonal reproductive switches in mammals, and no such studies existed in fishes.
Just recently, studies have been initiated that have partly investigated the interaction between metabolism and sexual maturation in wild chum salmon (Oncorhynchus keta Walbaum) (42, 43, 44) just before their spawning migration and in wild sockeye salmon (Oncorhynchus nerka Walbaum) during their spawning migration (40) . Onuma et al. (42, 43, 44) showed that fsh␤ and lh␤ pituitary mRNA, plasma testosterone (T), 11-ketotestosterone, and 17␤-estradiol (E 2 ) levels were increased in maturing chum salmon that were about to start migration. Plasma IGF-I levels were higher in these fish indicating that IGF-I may act as somatotropic signal in stimulating the pituitary-gonad axis. Miller et al. (40) performed an extensive functional genomics study on white muscle metabolism of sockeye salmon O. nerka caught at seven sites along the 1,300-km migration route to the spawning grounds. They showed that metabolic shifting in white muscle occurred espe-cially when arriving in the brackish estuarine environment (i.e., induction of proteolysis and protein biosynthesis, shifting from anaerobic glycolysis to oxidative phosphorylation) and when arriving at the spawning grounds (i.e., further upregulation of proteolysis and oxidative phosphorylation and downregulation of protein biosynthesis).
More complex to study in the wild than the anadromous salmonid spawning runs are the catadromous reproductive migrations that European eels exhibit. Therefore, numerous long-term swimming trials have been performed that have elucidated the sole effects of exercise on sexual maturation in eels (reviewed by Refs. 45, 48) . Swimming trials in fresh water induced lipid deposition in the oocytes and oocyte growth, which are the first steps of sexual maturation (46, 72) . Experiments to investigate the effects on sexual maturation during the subsequent trajectory of swimming in sea water revealed suppressed gonadotropin expression (47) and vitellogenesis in females (48, 49, 50) , while, in contrast, continued sexual maturation was observed in males (47) . However, the genomic resources and necessary tools for European eel that would help unravel the mechanisms behind the effects of exercise on sexual maturation in migrant fish are not currently available for this species. Therefore, we chose rainbow trout as a model, since it is a facultative spawning migrant that has the innate capacity to travel over hundreds of kilometers without feeding as evidenced by the spawning runs of the "steelheads," the real anadromous oceanic rainbow trout populations (16) .
In field studies, it is difficult to assess the effects of the metabolic status because of the influence of other factors that are involved during certain stages of migration (e.g., starvation, osmoregulation, pheromones, temperature, pressure, and specific cues of the spawning ground) that cannot be separated from the specific effects of exercise. This is the first study that uses exercise, such as performed by migratory fish species, experimentally to study its effects on the onset of sexual maturation in rainbow trout.
MATERIALS AND METHODS
The 6,000-liter swim flume and flow measurements. Swimming experiments were performed in a large oval shaped swim flume (6.0 ϫ 4.0 ϫ 0.8 m; 6,000 liters) designed for simulating group-wise migration of silver eels Anguilla anguilla (47, 48) . The gutter was placed in a 100-m 2 climatized room (described by Ref. 70) . The total water volume per hour was pumped with two Speck pumps (Badu 40/7; Zevenaar, The Netherlands) over a recirculation filter consisting of a 580 L precipitation filter, a 240-liter sump, a Deltec protein skimmer (type AP 1006; Delmenhorst, Germany) and a 750-liter trickling filter. On one of the straight ends of the swim flume, a compartment of 2.0 ϫ 0.7 m was created with two fences (5-cm mesh size). This compartment was divided by a PVC fence that started in the curve. The resulting inner compartment, where the current was null, was used to house the resting group. The outer compartment where the current was maximal was used to house the swimming group. Thus both groups were subjected to identical conditions except for swimming exercise.
The water temperature in the system was controlled by a 165-l beer cooler (Gamko, Etten-Leur, The Netherlands) that cooled the water that was pumped by an air pressure pump. A light setup with a timer controlled the light conditions in both compartments that were covered with black plastic. Initially, water in the swim flume was brackish at 10 ‰, created by mixing natural seawater from the Oosterschelde at the Burgersluis as delivered by truck (Van Vugt, Zuilinchem, The Netherlands), with tap water.
Flow was created by a Speck pump (Badu 40/13) and an immersed pump (10000AV; GAMMA, Leiden, The Netherlands) with a capacity of, respectively, 13 plus 10 ϭ 23 m 3 /h, both located in the curve before the swimming compartment. Water current measurements were performed with an OTT ADC meter (Nortek, Hoofddorp, The Netherlands) and, to determine linearity of the water velocity profile, by coherent Doppler processing using a three-dimensional water velocity sensor Vectrino (Nortek). Flow was measured in the swimming compartment at various positions in length (0.5, 1, and 2 m from the front fence), width (0.050, 0.175, and 0.300 m) and depth (0.20, 0.40, 0.60, and 0.75 m). Swimming speeds were calculated as averages over the whole water column.
Experimental fish and conditions. The swimming experiments as described have been approved by the Dutch Animal Experimental Board (No. 08107) and adhere to American Physiological Society Guiding Principles in the Care and Use of Animals.
To simulate the natural reproductive conditions of anadromous salmonids, experiments were performed with sea water-raised rainbow trout, Oncorhynchus mykiss. Resters and swimmers were starved during the experiment, seawater was replaced by fresh water, and photoperiod was changed. These changes were expected to affect reproductive parameters but as "background" effect because both resters as swimmers were experiencing these conditions at the same time in the same setup. Any additional effects in swimming fish would thus be caused by swimming only.
Pubertal autumn spawning rainbow trout (n ϭ 26; ϳ50 cm, ϳ1.5 kg) were purchased from a Danish exporter (Frederiksvaerk Aleexport, Frederiksvaerk, Denmark) where they had been raised for 2 yr in freshwater followed by 4 mo in sea water cages at 10 ‰. They were transferred by truck within 16 h to Spakenburg (Spakenburg Paling, The Netherlands) and subsequently in the same water in a similar holding tank to the swim flume at Leiden University (Leiden, The Netherlands). The next day, five randomly chosen fish were sampled as "start" group, while others were randomly divided into a "rest" group (n ϭ 10) and a "swim" group (n ϭ 11). During the following 4 days, the brackish 10 ‰ water was stepwise replaced by freshwater at 16°C and photoperiod was changed from 16:8-h light-dark to 8:16-h light-dark photoperiod. Fish were then acclimatized for 2 days to their new conditions. Subsequently, swimmers were first swum at a speed of 0.33 body lengths per second (BL/s), which was increased the next day to the final, near optimal speed of 0.75 BL/s (0.34 m/s or 29.4 km/day). Fish were sampled after 10 days (5 resters and 5 swimmers) and 20 days (5 resters and 6 swimmers).
Over the 20 experimental days, fish were checked at least twice per day for swimming behavior and well being. Water quality was checked 9 times during this period for pH, NH 3, NO3, and NO2 (Tetratest). Water quality over the experimental period was well within safe limits: pH was 8.26 Ϯ 0.02, NH3 remained Ͻ0.25 mg/l, NO3 was between 12.5-25 mg/l, and NO2 was Ͻ0.3 mg/l.
Morphometry and sampling of blood and tissues. At sampling, fish were anesthetized using oil of cloves that was commercially purchased from a drugstore (diluted 1:10 in ethanol and used at a dosage of 1.5 ml/l). They were then photographed and measured for their BL, body weight (BW), and (maximal) body girth (BG). A 4-ml blood sample was taken from the dorsal aorta. Fish were euthanized by decapitation and dissected for liver, heart, spleen, ovary, fat and intestine. Tissues were weighted and samples were flash frozen in liquid nitrogen and stored at Ϫ80°C for microarray analyses (ovary), preserved in RNAlater (Ambion) at Ϫ20°C (ovary, pituitary) for quantitative PCR (Q-PCR) and stored in Bouin for oocyte histology (ovary). Measurements were used to calculate the following: 1) condition factor (K) ϭ 100 ϫ BW (g)/BL (cm 3 ); 2) body girth index (BGI) ϭ 100 ϫ BG (cm)/BL (cm); 3) hepatosomatic index (HepSI) ϭ [LW (g)/BW (g)] ϫ 100%, where LW is liver weight; 4) heart somatic index (Heart SI) ϭ [HW (g)/BW (g)] ϫ 100%, where HW is heart weight; 5) spleen somatic index (SSI) ϭ [SW (g)/BW (g)] ϫ 100%, where SW is spleen weight; 6) fat and intestine somatic index (F&ISI) ϭ (71) , and measurement of the oocyte diameter (OD) was performed. Plasma metabolites were measured using commercial kits: cholesterol (Chol) and triglycerides (TG; Spinreact, Sant Esteve de Bas, Spain), glucose (Gluc; Instruchemie, Delfzijl, The Netherlands), and free fatty acids (FFA; Instruchemie, Delfzijl, The Netherlands). The plasma levels of E 2 and T were measured with commercial radioimmunoassay kits (CIS Biointernacional, Gif-sur-Yvette Cedex, France) and vitellogenin (Vtg) with the ELISA kit rainbow trout (Biosense, Bergen, Norway).
RNA isolation and reverse transcription. RNA was isolated from pituitary and ovary samples according to the TRIzol reagent protocol by Invitrogen (Baro, Spain). Isolated RNA was DNAse treated using RQ1 DNAse Promega (Madison, WI) and reverse transcribed using Superscript III Invitrogen according to the manufacturer's protocol.
Primer sequences. Primer sequences and GenBank accession numbers of the targeted genes are given in Table 1 . Primers for luteinising hormone lh, follicle stimulating hormone fsh and vitellogenin receptor vtgr [based on Davail et al. (9)] were designed using the Genamics Expression software (www.genamics.com). Primers for lh receptor lhr, fsh receptor fshr, and aromatase were published by Bobe et al. (3), and 18s ribosomal RNA by Bobe et al. (4) . The sequence for the rainbow trout Kiss1 receptor kiss1r was previously unknown. Primers for rainbow trout kiss1r were designed with Genamics Expression by performing BLAST with the Danio rerio kiss1r sequence (GenBank NM001105679) as a query against the DFCI Rainbow Trout Gene Index (The Gene Index Project of the Computational Biology and Functional Genomics Laboratory, Boston, MA: http://compbio.dfci.harvard.edu/tgi). This blast resulted in one high score: a rainbow trout EST (GenBank BX078215) that has not yet been published as Kiss1 receptor.
Relative Q-PCR. For the quantification of mRNA expression, real-time Q-PCR was performed. cDNA was diluted 1:25 for target mRNA and 1:2,000 for 18S and used as a template. The reactions (20-l final volume) contained 10 l of SYBR GreenER qPCR SuperMix (Invitrogen), 500 nM concentration of forward and reverse primers, and 5 l of cDNA. Reactions were run in a iCycler Thermal Cycler (Bio-Rad, Barcelona, Spain) using the following protocol: 2 min at 50°C, 8 min at 95°C, followed by 40 cycles of 15-s denaturation at 95°C and 30 s at 60°C, and a final melting curve of 81 cycles from 55°C to 95°C (0.5°C increments every 10 s). Samples were run in triplicate, and fluorescence was measured at the end of every extension step. Fluorescence readings were used to estimate the values for the threshold cycles (C t). The Ct values for each gene were expressed as fold changes (fc) and, using the relative quantification method (30) , calculated relative to the start group and normalized for each gene against those obtained for housekeeping gene 18S.
Only from one fish of the start group could enough good quality RNA from the pituitary be obtained. Although fc in pituitary gene expression was expressed vs. this single control fish, conclusions about up-or downregulation vs. the control were not made because they cannot be statistically confirmed.
Microarray analyses. Microarray analyses were performed on ovarian tissue for 20-day swimmers vs. 20-day resters. A rainbow trout cDNA microarray platform was used that was previously validated and described by Refs. 11, 26, 27, 28, 33, 34, and 35 and deposited in Gene Expression Omnibus under accession no. GPL1212, the original cDNA microarray (SFA2.0 chip), and GPL6154, the updated 1.8-K platform. This platform compromises 1,818 genes representing 366 functional categories. Total RNA was extracted from flash-frozen samples from experimental fish of the 20-day swim group (n ϭ 5) and 20-day rest group (n ϭ 5) like described before. Total RNA corresponding to pooled samples from the swim or rest groups was labeled with Cy3 and Cy5-dCTP (GE Healthcare, Barcelona, Spain) using SuperScript III reverse transcriptase (Invitrogen) and oligo(dT) primer (Promega Biotech Ibérica, Madrid, Spain). The cDNA synthesis reaction was performed at 50°C for 2 h in a 20-l reaction volume, followed with RNA degradation with 2.5 M NaOH at 37°C for 15 min and alkaline neutralization with 2 M HEPES. cDNA was purified with MicroconYM30 (Millipore, Madrid, Spain). We used a dye swap experimental design, and each sample was hybridized to two microarrays. For the first slide, swim and rest group cDNA was labeled with Cy5 and Cy3, respectively, and for the second array dye assignment was reversed. The slides were pretreated with 1% BSA (fraction V), 20ϫ SSC, and 10% SDS (30 min at 50°C); washed with 2ϫ SSC (3 min) and 0.2ϫ SSC (3 min); and hybridized overnight in cocktail containing 50ϫ Denhardt's, 20ϫ SSC, 10% SDS, 10 g/l polyadenylate, and 10 g/l yeast tRNA. All chemicals were from SigmaAldrich (Madrid, Spain). Scanning was performed with ScanArray 5000, and images were processed with QuantArray (GSI Lumonics, Rugby, UK). The measurements in spots were filtered by criteria I/B Ն 3 and (I Ϫ B)/(SI ϩ SB) Ն 0.6, where I and B are the mean signal and background intensities and SI and SB are the standard deviations. After subtraction of mean background, the expression ratios were calculated. Locally weighted nonlinear regression (Lowess) normalization was performed, first for the whole slide and next for 12 rows and 4 columns per slide. The differential expression was assessed by the difference of the mean log2 expression ratios between the slides with reverse labeling (6 spot replicates per gene on each slide; P Ͻ 0.01 by Student's t-test). The ranked up-or downregulated genes were analyzed interrogating the functional classes of Gene Ontology (GO) and compared by the sums of ranked genes (P Ͻ 0.05 by Student's t-test). Raw and processed microarray data have been submitted to the NCBI Gene Expression Omnibus as series GSE20131 and samples GSM503854 and GSM503857.
Validation of the microarray was performed by Q-PCR of six differentially expressed genes (DEGs) as described above. The used primers were either published (alpha-globin I-1: Ref. 12) or designed, again by using the Genamics Expression software (Table 1) .
Statistical analysis. Differences between the four groups (10-day resters vs. fish at the start, 20-day resters vs. 10-day resters, 20-day swimmers vs. 10-day swimmers: time effects "A"; and 10-day swimmers vs. 10-day resters, 20-day swimmers vs. 20-day resters: swimming effects "B") were analyzed by pair-wise testing with a Student's t-test or Mann-Whitney U-test and were considered significant when P Յ 0.05. Incidental outliers were removed from data (10), and missing values were replaced with group averages as estimates (21) . Normal distribution was checked by Kolmogorov Smirnoff tests. Size differences between groups were checked with a two-tailed ANOVA with Bonferroni correction, but they were absent. Nonparametric Spearman correlation analyses (one-tailed) were performed on energy (FFA, TG, Gluc, and Chol) and sexual maturation parameters (GSI, OS, OD, T, E2, and Vtg). For these parameters, principal component analysis was performed using CANOCO (61) on log-transformed data with BW as covariant. All statistical analyses were performed with SPSS 16.0. Differences with P Յ 0.05 were considered significant. Values are expressed as average Ϯ SE.
RESULTS
Swimming behavior. Fish swam continuously in a sustained manner without showing any signs of fatigue or stress (see Supplemental File S1; Supplemental Material for this article is available online at the Am J Physiol Regul Integr Comp Physiol web site) nor did infections, diseases, or mortality occur among resters or swimmers. Swimmers did not show any preference for swimming at a certain location and were evenly distributed over the whole swimming compartment. When the first groups were sampled after 10 days, the swimmers had reached a distance of 307 km. After 20 days, a distance of 636 km had been swum.
Plasma parameters. All plasma "energy" parameters showed similar patterns (Fig. 1) . Plasma TGs were significantly higher in 20-day resters over 10-day resters, an increase that was absent in swimmers. The same significant difference was found in plasma FFA. Plasma Chol also showed a significantly higher level in 20-day resters vs. 10-day resters but also in 10-day swimmers vs. 10-day resters. Plasma glucose did not show significant differences among the different groups.
Plasma T levels remained overall low and did not show significant differences among the different groups ( Fig. 2A) . Plasma E 2 levels increased significantly between 10-and 20-day resters and did not differ between resters and swimmers at any of the two time points (Fig. 2B) . Plasma Vtg levels were significantly higher in 20-day swimmers vs. 10-day swimmers (Fig. 2C) .
Biometric parameters and ovarian histology. Biometric results are given in Table 2 . No significant size differences existed between any of the experimental groups, neither for BL nor for BW. Also, other measurements did not show significant differences with the exception of GSI. More specifically, GSI was significantly higher in 20-day resters (2.03 Ϯ 0.13%) vs. 10-day resters (0.76 Ϯ 0.11%; on average 167% higher) and vs. 20-day swimmers (1.22 Ϯ 0.24%; on average 66% higher).
Analysis of ODs and OSs (Fig. 3, A and B) showed a similar profile as for GSI, with 20-day resters having the largest, most developed oocytes (on average stage 4.2 Ϯ 0.2 at a size of 869 Ϯ 115 m). The main difference between the ovary of 20-day resters and 20-day swimmers was that the ovary of the swimmers contained less stage 6 vitellogenic oocytes (3% of the total) than that of the resters (11%; Fig. 3C ).
Circulating energy vs. sexual maturation parameters. In general, strong positive correlations (slopes of ϩ0.38 up to ϩ0.76) existed between "energy" and "sexual maturation" parameters, specifically the correlations of FFA vs. GSI, OS, OD, T and E 2 (P Ͻ 0.001, P Ͻ 0.001, P Ͻ 0.001, P Ͻ 0.05, and P Ͻ 0.001, respectively); of TG vs. GSI, OS, OD, T, and E 2 (P Ͻ 0.01, P Ͻ 0.001, P Ͻ 0.001, P Ͻ 0.01, and P Ͻ 0.001, respectively); of Gluc vs. GSI and E 2 (P Ͻ 0.05 and P Ͻ 0.05, respectively) and of Chol vs. GSI, OS, OD, and E 2 (P Ͻ 0.05, P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.01, respectively).
Principal component analysis was therefore performed on these parameters with CANOCO (Fig. 4) . Each arrow represents a parameter pointing in the direction of steepest increase, with angles between arrows indicating the significance of the correlation and the distance between the symbols in the diagram approximating the dissimilarity of the individuals and their group averages as measured by their Euclidean distance with BW as covariant. It thus illustrates the strong correlation (same direction of the arrows) between the energy (plasma FFA, TG, Gluc, and Chol) and sexual maturation parameters (GSI, OD, OS, plasma T, E 2 , and Vtg). The length of the arrows illustrates the effect that each parameter has on placing each individual and thus its importance in explaining the dissimilarity among individuals. When the course of the experiment is followed from starters onwards, after 10 days both resters and swimmers matured as illustrated by movement in the direction of sexual maturation parameters, especially increased plasma E 2 levels. After 20 days, resters show more advanced oocyte development and higher plasma levels of FFA and TG.
Gene expression in the pituitary. After 20 days, pituitary expression of the kiss1r was upregulated relative to the 10-day group in both resters and swimmers by 4-and 2.5-fold, respectively (Fig. 5A) . However, no differences in kiss1r expression were detected between resters and swimmers at either time point. Pituitary fsh expression appeared to increase in 10-day swimmers, but no significant differences were found among the various groups. Interestingly, expression of lh was significantly lower in 20-day swimmers than in 20-day resters and no differences were found among the other groups (Fig. 5C) .
Gene expression in the ovary. The ovarian expression of the fshr decreased between day 10 and 20 but only significantly in swimmers. No differences were observed between resters and swimmers at either time point (Fig. 6A) . Expression of the lhr, on the other hand, was upregulated after 10 days in the swimmers over the resters (ϳ3-fold) but after 20 days, lhr expression decreased in both groups and was not different between resters and swimmers (Fig. 6B) . Ovarian aromatase expression (Fig. 6C) tended to be higher in 20-day resters and 10-day swimmers than in 10-day resters but the differences were not significant. Finally, the expression of vtgr showed a significant decrease between 10-and 20-day resters and was lower in 10-day swimmers than in 10-day resters (Fig. 6D) . In contrast, vtgr expression was higher in 20-day swimmers than in 20-day resters.
Ovarian transcriptomic response. Microarray analyses were performed with ovarian tissue to investigate the transcriptomic basis of the significant difference in ovarian development between the 20-day swimmers and resters. In total, 235 genes were differentially expressed (P Ͻ 0.05): 106 were upregulated (up to fc ϭ ϩ7.2) and 129 were downregulated (down to fc ϭ Ϫ20.5). Table 3 shows the most significant upregulated (fc Ͼ ϩ1.5; n ϭ 10) and downregulated genes (fc Ͻ Ϫ1.5; n ϭ 32). In addition, 17 functional annotation gene ontology classes were differentially expressed (P Ͻ 0.05): 1 was upregulated, 16 were downregulated ( Table 4 ). The 17 differentially expressed categories could, however, be grouped into six clusters (Table 4) .
A strongly downregulated cluster of functional annotation classes in 20-day swimmers included Mitochondrion, Electron transport, Primary active transporter activity, Carrier activity, Mitochondrial electron transport chain, and Mitochondrial membrane. Among the DEGs, we highlight cytochrome oxidase subunits, NADH dehydrogenase subunits, Na/K ATPase subunits, and UDP-glucose 4-epimerase. Furthermore, it is worth noting the upregulation (fc ϭ ϩ3.65) of BCL2/adeno- Fig. 1 . Plasma free fatty acids (Ffa; A), triglycerides (Tg; B), glucose (Gluc; C), and cholesterol (Chol; D). Various groups represent fish at the start of the experiment (START; n ϭ 5), after 10 days of resting (REST 10d; n ϭ 5), after 20 days of resting (REST 20d; n ϭ 5), after 10 days of swimming (n ϭ 5), and after 20 days swimming (n ϭ 6).
A P Յ 0.05, significant differences among resters or swimmers and with the start group (time effects). B P Յ 0.05, significant differences between the particular swim group and the corresponding rest group (swimming effects).
virus E1B protein-interacting protein 3 like within the functional annotation class Mitochondrion and the downregulation of ADAMTS-8 (fc ϭ Ϫ2.02) within the functional annotation class Carrier activity.
Hemoglobin complex was a strongly downregulated functional annotation class on the basis of five DEGs out of a total of seven genes. These genes were all strongly downregulated: alpha-globin I-1 (fc ϭ Ϫ1.55), alpha-globin I-2 (fc ϭ Ϫ1.35), beta-globin (fc ϭ Ϫ1.48), hemoglobin alpha chain (fc ϭ Ϫ1.52), and embryonic alpha-type globin2ϩcollagen alpha 2(1) (fc ϭ Ϫ2.25).
A cluster of functional annotation classes that included Anion transport, Detection of abiotic stimulus, Detection of external stimulus, and Collagen was significantly downregulated on the basis of four to six DEGs (22-63% of the total number of genes per functional annotation class), all collagens. Collagens (GO:0005581) are not just primary structural proteins but their nonproline-rich regions have regulatory roles (e.g., acting as binding sites), thereby connecting collagens to the other mentioned functional annotation classes.
Nucleobase, Nucleoside, Nucleotide kinase activity was a functional annotation class that was significantly downregulated on the basis of 2 DEGs out of a total of 8 genes. These DEGs were bifunctional polynucleotide phosphatase/kinase (fc ϭ Ϫ1.37) and nicotinamide riboside kinase 2 (fc ϭ Ϫ1.41).
A
cluster of the functional annotation classes Protein biosynthesis, Ribosome, Structural constituent of ribosome, and
Structural molecule activity was significantly downregulated on the basis of 15 to 34 DEGs (19 -30% of the total numbers of genes per functional annotation class), mostly ribosomal proteins. Functional annotation classes Structural constituent of ribosome and Structural molecule activity, however, also contained upregulated DEGs, for example, glutathione S-transferase P-2 (fc ϭ ϩ2.93; Table 3 ).
The only slightly but significantly upregulated functional annotation class was Negative regulation of transcription on the basis of 4 upregulated DEGs out of a total of 10 genes. These DEGs were NAD-dependent deacetylase sirtuin 5 (fc ϭ ϩ1.16), signal transducer and activator of transcription 3 (fc ϭ ϩ1.16), NAD-dependent deacetylase sirtuin 3 mitochondrial precursor (fc ϭ ϩ1.12), and zinc finger protein 148 (fc ϭ ϩ1.15).
The functional annotation classes that were differentially expressed in our study covered 77 of the 235 DEGs. Others involved 108 DEGs that were not involved in significantly altering the expression of their functional annotation class(es), among them 6 DEGs that were highly upregulated (fc Ͼ ϩ1.5) and 11 DEGs that were highly downregulated (fc Ͻ Ϫ1.5), and 50 unknown or hypothetical proteins.
Microarray validation. Because downregulation was most significant, we chose one differentially expressed upregulated gene and 5 downregulated genes for validation. In all cases, the direction of regulation was confirmed by Q-PCR, although the magnitude of change in expression differed slightly between the two methods. The upregulated gene myeloid differentiation primary response showed a upregulation to fc of ϩ4.97 by microarray and fc of ϩ1.52 by Q-PCR (Table 3 ). The downregulated genes DNA-binding protein inhibitor ID-1 and UDP-glucuronosyltransferase 2B17 precursor microsomal showed lower fc with Q-PCR; serine protease-like protein-1 and ADAMTS-8 were rather similar and alpha-globin I-1 showed a higher fc with Q-PCR (Table 3) . (E2; B) , and vitellogenin (Vtg; C). Various groups represent fish at the start of the experiment (n ϭ 5), after 10 days of resting (n ϭ 5), after 20 days of resting (n ϭ 5), after 10 days of swimming (n ϭ 5), and after 20 days of swimming (n ϭ 6).
A P Յ 0.05, significant differences among resters or swimmers and with the start group (time effects). Plasma T did not show major differences among groups. Plasma E2 increased over time in all groups. Plasma Vtg was significantly higher in 20-day swimmers.
DISCUSSION
This is the first study that uses exercise, such as performed by migratory fish species, experimentally to study its effects on the onset of sexual maturation in rainbow trout. More specifically, this study demonstrates exercise effects on ovarian development, ovarian transcriptomics, and the expression of regulatory genes in the pituitary and in the ovary itself.
Swimming suppressed ovarian development. The GSI was significantly higher in 20-day resters (2.03 Ϯ 0.13%) vs. 10-day resters (0.76 Ϯ 0.11%), showing a significant stimulation of sexual maturation over time under the simulated natural reproductive conditions of starvation, temperature, salinity, and photoperiod (Table 2) . Particularly the latter factor is known to have major influence on the sexual maturation in rainbow trout (5, 60) . Interestingly, the rise in GSI was, however, absent in the 20-day swimmers. In fact, the GSI in 20-day swimmers (1.22 Ϯ 0.24%) was significantly lower than in 20-day resters strongly suggesting that swimming suppressed ovarian development.
Histological assessment of the ovary supported this hypothesis with 20-day swimmers having smaller, less developed oocytes. More specifically, the 20-day swimmers showed a lower proportion of late vitellogenic oocytes than the 20-day resters. This observation led us to believe that vitellogenin uptake may have been suppressed by swimming. In support of this hypothesis, ovarian vtgr expression was suppressed by swimming after 10 days. The resulting lesser Vtg uptake may explain the observation that plasma Vtg levels in 20-day swimmers were slightly higher than in resters.
Expression of the vtgr in rainbow trout is probably under the control of circulating FSH since FSH stimulates Vtg uptake (66, 67) . In this study, we have not measured plasma FSH, so its relation to vtgr expression and possible higher FSH levels in 10-day resters could not be established. Expression of fsh in the pituitary and of its receptor in the ovary did not show any differences between 10-day resters and swimmers and therefore does not contribute any arguments for the upregulation of the vtgr in 10-day resters.
Apparent in 20-day swimmers was the significantly lower pituitary lh expression (Fig. 5C) . Ultimately, lower plasma LH levels and LH binding to its receptors may block the progress of vitellogenin uptake as shown in trout treated with Lhrspecific antagonistic vaccines (58) . The suppressed ovarian development in 20-day swimmers may be responsible for a negative feedback on lh expression in the pituitary. Changes in the expression of the kiss1r in the pituitary, of the fshr and lhr in the ovary, and in plasma E 2 levels appeared to be independent of exercise.
Kiss1 receptor in rainbow trout. Recent studies on the initiation of puberty in mammals have revealed a crucial role of the Kiss1/Kiss1 receptor pathway (18) , and there is evidence for a similar role in fishes (13, 69) . Kisspeptin levels may well be altered by exercise, since kisspeptin acts as a somatotroph messenger (19) on the hypothalamic-pituitary-gonadal axis in mammals and is expressed by the adipose tissue in fish (69) . Kisspeptin signals the hypothalamus to release GnRH (13) or may even work directly on the pituitary, as suggested by our observation on the expression of Kiss1r in this gland.
In our study, we have obtained a partial rainbow trout Kiss1r sequence and report on the expression of Kiss1r in the trout pituitary for the first time. Overall expression of Kiss 1r was low but significantly higher after 20 days of swimming or resting (Fig. 5A ). This implies that kisspeptin (also) works directly on the pituitary probably contributing to the regulation of fsh and lh expression, which is the subject of great controversy. Expression of the kiss1r in the pituitary has been shown in studies on mammals (6, 19, 54 ; reviewed by Ref. 55 ) and one study on fish (2) . It has been suggested by Richard et al. (55) that kisspeptin has a synergic reproductive effect with GnRH and estradiol at both hypothalamic and pituitary levels. Our study provides additional evidence for the presence of the Kiss1r in the pituitary in fish and for the first time in rainbow trout, and shows that its expression is stimulated under reproductive conditions.
Circulating energy and the ovarian transcriptomic response. Ovarian development strongly depended on the circulating energy (highly significant positive correlations with FFA and TG) and was thus reduced by fuel-demanding swimming to 56% of the resters. In contrast, resters showed increased levels of energy and sexual maturation parameters after 10 days, increasing significantly after 20 days (FFA, Chol, GSI, and OD).
The difference in ovarian transcriptomic profile between 20-day swimmers and 20-day resters, as determined by microarray analysis and confirmed by Q-PCR of six DEGs, confirms a decline of energetic processes in the ovary during swimming. Protein biosynthesis and energy provision pathways were among the 16 basal functional categories that were Table 2 . Biometric parameters Group average (data are means Ϯ SE; n ϭ no. of fish) of trout sampled at the start of the experiment (START), after 10 days of resting (REST 10d), after 20 days of resting (REST 20d), after 10 days of swimming (SWIM 10d), and after 20 days of swimming (SWIM 20d). BL, body length; BW, body weight; CF, condition factor; BGI, body girth index; HepSI, hepatosomatic index; Heart SI, heart somatic index; SSI, spleen somatic index; F&I SI, fat and intestinal somatic index; GSI, gonadosomatic index. *Only GSI is significantly different in 20-day resters vs. 10-day resters and vs. 20-day swimmers.
all downregulated in the ovary. These results thus support the view of a need to save energy from ovarian development to fuel the simulated migration.
Particularly interesting downregulated genes were DNAbinding protein inhibitor ID-1, UDP-glucuronosyltransferase 2B17 precursor microsomal, and ADAMTS-8. In our study, ID-1 expression in the trout ovary was downregulated by exercise. In mammals, this gene is involved in cell differentiation and proliferation primarily at the transcriptional level (20, 59 ) by negatively interfering with DNA binding of transcription factors (32) . In rainbow trout, this gene was subject to investigations on growth and development (reviewed by Refs. 14, 15) and the immune response (22, 39, 35 ) and is one out of six ID proteins that compose a complex mechanism of activity Fig. 3 . Development of the ovary. Oocyte diameter (OD; A) and oocyte stage (OS; B) with percentual presence of various oocyte stages averaged over the individuals per group (C). Various groups represent fish at the start of the experiment (n ϭ 5), after 10 days of resting (n ϭ 5), after 20 days of resting (n ϭ 5), after 10 days of swimming (n ϭ 5), and after 20 days swimming (n ϭ 6).
A PՅ0.05, significant differences among resters or swimmers and with the start group (time effects). 20-Day resters had higher gonadosomatic index (GSI), OD, and OS with 11% oocytes in the farthest advanced vitellogenic stage 6 than 20-day swimmers.
in the rainbow trout (reviewed by Ref. 14). Interestingly, ID1 has been recently associated with expression of fshr, lhr, FSHand LH-induced levels of steroidogenic acute regulatory protein (StAR), and P450 cholesterol side chain cleavage enzyme mRNA plus progesterone production in the hen ovary, however, in a negative relationship with ID2 that stimulates these reproductive marker genes (23) . ID1 downregulation may therefore represent a way by which exercise could affect ovarian function.
UDP-glucuronosyltransferase 2B17 precursor microsomal was also downregulated by exercise in the rainbow trout ovary. In humans, this gene expresses an enzyme that is of major importance in the conjugation and subsequent elimination of endogenous compounds. Like aromatase, it is involved in the (61) . Each arrow represents a parameter pointing in the direction of steepest increase, with angles between arrows indicating the significance of the correlation and the distance between the symbols in the diagram approximating the dissimilarity of the individuals and their group averages as measured by their Euclidean distance with fish at the start (n ϭ 5) and after 10 and 20 days of resting (both n ϭ 5) or swimming (n ϭ 5 for 10 days of swimming and n ϭ 6 for 20 days of swimming) with body weight as covariant. It thus shows the strong correlation (direction of the arrows) between the energy (plasma Ffa, Tgs, Gluc, and Chol) and sexual maturation parameters (GSI, OD, OS, T, E2, and Vtg). After 10 days, both resters and swimmers matured and especially increased plasma E2 levels. After 20 days, resters showed more advanced oocyte development and higher plasma levels of Ffa and Tg. A P Յ 0.05, significant differences among resters or swimmers (time effects). B P Յ 0.05, significant differences between the particular swim group and the corresponding rest group (swimming effects). Expression of the kiss1r is significantly higher after 20 days in both swimmers and resters. Expression of fsh does not show significant differences among the various groups. Expression of lh is significantly lower in 20-day swimmers.
transformation of the end products in steroid metabolism. Another differentially expressed gene involved in steroid metabolism is 3-oxo-5-beta-steroid 4-dehydrogenase, also downregulated in the ovary of exercised fish (Table 3 ). The downregulation of steroid metabolism did not result in differences in plasma T or E 2 between swimmers and resters. Through some intermediate product, ovarian steroid metabolism may be responsible for the negative feedback on the pituitary (through the hypothalamus or directly), resulting in the significantly lower lh expression in 20-day swimmers (Fig. 5C) . Finally, ADAMTS-8 belongs to the ADAM-TS family of metalloproteases and disrupts angiogenesis in vivo and in vitro in mammals (17, 41) . Its specific exercise-induced downregulation in our study may be related with its function in energy provision, protein catabolism, receptor binding, or, like ID1, negative regulation of cell proliferation. In fish, ADAMTS-8 is often downregulated in nonvaccinated fish (A. Krasnov, personal communication), implying a lower resistance capacity in the swimmers in this study. In contrast, evidence for the immunostimulatory effects of exercise are numerous for mammals A P Յ 0.05, significant differences among resters or swimmers and with the start group (time effects). B P Յ 0.05, significant differences between the particular swim group and the corresponding rest group (swimming effects). Expression of the fshr decreases over time. Expression of the lhr is higher after 10 days in resters (10-fold) and swimmers (28-fold) . Aromatase increases over time in resters (3-to 10-fold) and is stronger in swimmers (10-to 16-fold). Expression of the vtgr is increased in resters after 10 days (Ͼ2-fold), which is absent in swimmers.
(reviewed by Ref. 53) , which most probably also applies for fish. However, this does apparently not account for the ovary of swimming fish where energy is saved at the cost of upregulated expression of immune-related genes.
Hypothesized migration-sexual maturation model. We hypothesize that in rainbow trout, swimming exercise suppresses oocyte development possibly by inhibiting vitellogenin uptake. Uptake of vitellogenin is strongly dependent on circulating energy (31) for which swimming itself is a competitor. Beside the need to save energy from ovarian development to fuel the simulated migration, the effects of vitellogenesis may also be unwanted during migration. Oocyte growth is most significant during vitellogenesis, causing a change in body shape that would increase the drag during swimming and, consequently, lower the swimming efficiency. In addition, vitellogenesis induces muscle atrophy (56, 57) and causes bone resorption and calcium extraction from bone (7), which would lower their optimal functioning as demanded by the required swimming performance.
Very recently, we have performed an identical experiment with rainbow trout of the same origin, in the same setup and under the same conditions as those in the present study but differing in that fish swam for 40 days and covered 1,176 km. Fish at the start of this experiment were, however, 2 wk older, slightly heavier, and more mature than the fish used in the present study. Their average GSI was 0.987 Ϯ 0.100% and significantly higher from the average GSI of 0.577 Ϯ 0.073% of the fish at the start of the present study. With respect to oocyte development, the fish in the second experiment probably had already well started their ovarian vitellogenic process. After 40 days, the ovary had significantly developed without any difference between swimmers (GSI ϭ 6.40 Ϯ 0.57%) and DEGs are shown at fold change of Ͼϩ1.5 and Ͻ Ϫ1.5 in 20-day swimmers vs. 20-day resters with P value. Unknown differentially expressed genes were omitted. *Genes (n ϭ 6) for which expression was validated by Q-PCR. Up-or downregulated expression for these genes was similar for all checked genes; the level of expression was different for some genes. resters (GSI ϭ 5.74 Ϯ 0.25%). These results suggest that swimming-suppressed oocyte development may have a critical window and can be specified to the onset of vitellogenesis.
More generally, some decisions are made before the start of migration such as 1) having reached an age threshold to be able to mature; 2) having reached an energy threshold to be able to successfully migrate, mature, and spawn; 3) having produced a certain number of eggs; and 4) leaving at the right stage of sexual maturation. In general, the latter means that the longer the migration, the earlier the sexual maturation stage at the start (for eels, see Ref. 63 ; for Salmo salar, see Ref. 24 ). Additionally, during long-distance migrations there is a need to be able to suppress sexual maturation until a next clue signals to continue sexual maturation when being close to the spawning grounds. What we have shown in this study on rainbow trout, and in previous studies on European eels (45, 48, 50) , is that the onset of ovarian vitellogenesis is a clear suppression point and an example of phenotypic plasticity during long distance, and often semelparous, reproductive migrations (Fig. 7) . From our most recent study, it appears that when this point has passed and ovarian vitellogenesis has started, swimming rainbow trout will continue to fully mature. In that case, the remaining migration distance becomes crucial for successful reproduction.
It thus appears that the physiological processes occurring in the muscle and ovary are conflicting. When there is a need to migrate, energetic processes in the muscle that provide fuel for contraction and for muscle growth are upregulated (40) and those in the ovary are downregulated (this study). When there is a need to start vitellogenesis, the situation in muscle (40, 56) and ovary is reversed. However, the physiological processes occurring in the muscle and ovary are only conflicting in cases where the distance of migration exceeds the possibility of successful synergy and muscle wasting would occur too early. Therefore, there is a need for ovarian developmental suppression at the start of vitellogenesis.
Conclusion. We can conclude that ovarian development was significantly stimulated in the resting fish but this stimulation was absent in swimming fish. Swimming fish had less late vitellogenic oocytes, a lower expression of the vitellogenin receptor and higher vitellogenin plasma levels from which we conclude that swimming exercise suppresses oocyte development possibly by inhibiting vitellogenin uptake. The lower pituitary lh expression may result from negative feedback of the ovary to the pituitary. Expression of the kiss1r in the pituitary, of the fshr and lhr in the ovary, and of plasma E 2 appears to be independent of exercise. From the lower circulating energy levels in swimming fish and from the downregulation of basal ovarian processes such as protein synthesis and energy provision, we can conclude that the priority of energy reallocation is to fuel exercise at the cost of ovarian vitellogenesis.
Perspectives and Significance
In this study, exercise was used experimentally to investigate the effects on sexual maturation in rainbow trout. Cultured rainbow trout were transferred and subjected to the experiment under identical conditions with only one difference: forced sustained swimming or resting. This setup is therefore ideal for studying the single effect of exercise in this study on the onset of reproduction. The swimming-induced ovarian developmental suppression at the start of vitellogenesis that we found may be a strategy to avoid precocious muscle atrophy during long- Shown are the total number of genes (G) per category, resulting percentage of DEGs, up-or downregulation, and Student t-test P value. Differentially expressed classes are grouped together when the same DEGs determine their expression. Fig. 7 . Hypothesized migration-sexual maturation model. In contrast to short distance migration (top) where sexual maturation can progress during migration, during long-distance migration (bottom) there is a need to be able to suppress sexual maturation until a next clue signals to continue sexual maturation when being close to the spawning grounds. The onset of ovarian vitellogenesis is such a clear suppression point. term reproductive migration. Similar experiments should be designed at higher swimming speeds to establish a potential dose-effect relation among swimming speed, required fuel, and vitellogenic rate. Trials with males should be performed, since they lack the vitellogenic process and invest six times less energy in gonadal development than females do (for Atlantic salmon; 25). Therefore, swimming may not be energetically restricted in its stimulation of male sexual maturation. A multispecies problem in aquaculture is the occurrence of precocious sexual maturation: at high densities and under the optimal feeding conditions fish stop eating and reallocate energy from growth to gonad development at an unusual early stage. Subjecting fish to optimal sustained exercise may represent a natural way to delay sexual maturation and extend the growth period.
